Rationale Prepulse inhibition (PPI), a preattentional information-filtering mechanism, is disrupted by serotonin (5-HT) or norepinephrine (NE) agonists to model deficits seen in schizophrenia, but whether this effect occurs through interactions between these systems is not known. Objectives These studies investigated whether PPI/activity changes induced by agonists of one system were dependent on neurotransmission within the other. Methods Male Sprague-Dawley rats received the 5-HT 2 receptor agonist DOI (1-[2,5-dimethoxy-4-iodophenyl]-2-aminopropane) (0, 0.3 mg/kg), with or without antagonists for α1 (prazosin:0, 0.3, or 1 mg/kg) or β (timolol:0, 3, or 10 mg/kg) receptors or their combination (0 or 0.3 mg/kg prazosin + 3 mg/kg timolol), or the 5-HT 2 antagonist ritanserin (0, 2 mg/kg). Separately, the α1-adrenergic receptor agonist cirazoline (0, 0.68 mg/kg) was given with and without ritanserin (0, 0.5, or 2 mg/kg) or the NE antagonists (0 or 0.3 mg/kg prazosin + 3 mg/kg timolol). Finally, combinations of subthreshold doses of DOI (0, 0.01, 0.025 mg/kg) and cirazoline (0, 0.1, 0.25 mg/kg) were tested for their ability to disrupt PPI, and concomitant administration of all three antagonists (0 vs. 0.3 mg/kg prazosin + 3 mg/kg timolol + 2 mg/kg ritanserin) was assessed for its ability to modify PPI. Locomotion was assessed in an additional set of experiments.
Introduction
Sensorimotor gating is an involuntary mechanism by which organisms filter sensory stimuli before they reach motor response networks, and is hypothesized as a gauge of information-filtering processes that may confer some protection from potential sensory inundation and cognitive deficits ). Prepulse inhibition (PPI) is a phenomenon found in many species, including humans and rats, and can serve as a translational paradigm that provides a functional measure of sensorimotor gating Geyer et al. 2001; Swerdlow et al. 2001) . PPI occurs when a brief, nonstartling stimulus (prepulse) decreases the startle reflex to a subsequent, more intense stimulus (pulse) (Hoffman and Ison 1980; Ison and Hoffman 1983) . While some shifts in an individual's level of PPI can be considered a component of healthy information processing to flexibly adapt to changing environmental demands, consistently and significantly reduced levels of PPI have been observed in patients with schizophrenia, obsessive-compulsive disorder, and Tourette syndrome, compared to healthy control subjects. Deficient PPI, accordingly, has been proposed as an endophenotype with which to study the etiology of such illnesses . Indeed, animal models of deficient PPI have been shown for the past several decades to possess face, construct, and predictive validity for gating deficits in schizophrenia, and have been a valuable tool in identifying antipsychotic treatments (Braff 2010; Castagne et al. 2009; Ellenbroek 2004; Geyer 2008; Swerdlow et al. 2008; van den Buuse 2010; Weiss and Feldon 2001) . Thus, understanding the neural substrates behind PPI could be a promising step towards understanding these disorders.
Multiple neurotransmitters regulate PPI, including the norepinephrine (NE) and serotonin (5-HT) systems ). The NE system has three main receptor types: α1, α2, and β. Within these receptor types are nine known subtypes (α 1A , α 1B , α 1D , α 2A , α 2B , α 2C , β 1 , β 2 , and β 3 ). The predominant 'heteroreceptors' (i.e., postsynaptic receptors localized on the dendrites or terminal of a target neuron) are α1 and β receptors, whereas α2 receptors are both presynaptic autoreceptors and postsynaptic heteroreceptors depending on region and their effects on PPI are thus complex (Bylund et al. 2009; Pupo and Minneman 2001; Sallinen et al. 2007; Starke 2001) . In accord with the notion that increasing central NE transmission can reduce PPI, it has been found consistently and repeatedly that stimulation of α1 and β NE receptors results in PPI disruption, and that PPI deficits can be reversed by α1 and β NE receptor antagonists (Alsene et al. 2006; Alsene et al. 2010; Alsene et al. 2011; Carasso et al. 1998; Shilling et al. 2004; Swerdlow et al. 2006a; Varty et al. 1999) . Thus, overactivation of NE transmission results in stimulation of postsynaptic α1 and β NE receptors, and models in animals the deficits in PPI that have been reported clinically.
Among the seven known 5-HT receptor classes (5-HT 1 -5-HT 7 ) (Andrade et al. 2010; Hoyer and Martin 1996) , both 5-HT 1 (which includes an autoreceptor) and 5-HT 2 receptor families have been linked to PPI, with 5-HT 2 heteroreceptors being perhaps the predominant postsynaptic receptors studied in this regard. Stimulation of 5-HT 2 receptors, which are thought to be especially important in schizophrenia (Maier et al. 2008) , causes PPI deficits that can be reversed by 5-HT 2 receptor antagonists (Brea et al. 2006; Briody et al. 2010; Farid et al. 2000; Feifel et al. 2003; Kohnomi et al. 2008; Shilling and Feifel 2002; Shilling et al. 2004; Sipes and Geyer 1994; Sipes and Geyer 1995; Swerdlow et al. 2006b; Varty and Higgins 1995; Wadenberg et al. 2000) . Thus, increased 5-HT transmission also reduces PPI, and postsynaptic 5-HT 2 receptors play a prominent role in this effect.
NE and 5-HT systems can influence each other through a complex set of interactions at multiple levels. The locus coeruleus (LC) and the dorsal raphe (DR), the primary brainstem sources of NE and 5-HT, respectively, project to each other (Imai et al. 1986; Kim et al. 2004; Peyron et al. 1996; Segal 1979; Sim and Joseph 1993) , and enhanced NE signaling can increase DR firing, while decreased NE transmission has the opposite effect (Baraban and Aghajanian 1980; Vandermaelen and Aghajanian 1983) . 5-HT and agonists inhibit tonic LC cell firing but facilitate phasic LC cell firing (Aghajanian 1980; Haddjeri et al. 1997; Rasmussen and Aghajanian 1986 ). Indeed, extensive electrophysiological studies by Blier et al. have characterized multiple mechanisms by which 5-HT and NE transmission are interrelated, with stimulation of 5-HT 1A and 5-HT 2A receptors inhibiting tonic LC firing, and antagonism of α2 receptors on LC NE cells facilitating 5-HT cell firing (Blier 2001; Szabo and Blier 2001) . NE and 5-HT also regulate each other's release in forebrain terminal regions with, for example, NE-increasing drugs enhancing 5-HT transmission at postsynaptic 5-HT receptors and α1 NE agonists elevating 5-HT in prefrontal cortex (Aloyo and Walker 1988; Amargos-Bosch et al. 2003; Done and Sharp 1992; Haddjeri et al. 1995) . Importantly, functional effects caused by increased 5-HT signaling can be blocked by reducing NE transmission, and vice versa. For example, depletion of NE prevents 5-HT agonistinduced release of adrenocorticotropic hormone and corticosterone, and conversely, 5-HT depletion prevents α1 agonist-induced release of these hormones (Weidenfeld et al. 2002) . Consistent with the idea that elevations in the transmission of one system could contribute to effects induced by the other are the findings that NE depletion attenuates behavioral effects of certain serotonin-selective reuptake inhibitors, and that neurokinin 1 receptor antagonists, which have putative antidepressant properties, cannot increase 5-HT cell firing without NE (Cryan et al. 2004; Gobbi et al. 2007; O'Leary et al. 2007a; O'Leary et al. 2007b) . Hence, there is strong evidence that the NE and 5-HT systems interact in the treatment of depression (Blier and Briley 2011) . NE and 5-HT also interact in mediating sensitization of psychostimulant-induced hyperactivity (Salomon et al. 2006) . Therefore, there is significant potential for these two systems to interact in the regulation of behavioral processes.
Although there is evidence that both 5-HT and NE modulate PPI, and that these two systems interact at multiple levels, it is unclear whether or not they interact to regulate PPI. Determining if 5-HT and NE systems modulate PPI through independent mechanisms or through mutual interactions could aid in understanding the basis of sensorimotor gating impairments in a number of psychiatric disorders. The present studies thus tested the hypothesis that PPI deficits caused by one system were dependent on the other; this was done by examining whether or not the PPI-disruptive effects of the 5-HT 2 receptor agonist DOI (1-[2,5-dimethoxy-4-iodophenyl]-2-aminopropane) could be reversed by α1 (prazosin) or β (timolol) NE receptor antagonists, and if PPI deficits induced by the α1 NE receptor agonist cirazoline could be normalized by the 5-HT 2 receptor antagonist ritanserin. These receptors were studied because these are the primary postsynaptic receptors within their respective transmitter systems that are well-characterized to regulate PPI (Alsene et al. 2006; Briody et al. 2010; Carasso et al. 1998; Farid et al. 2000; Shilling and Feifel 2002; Sipes and Geyer 1997) .
Materials and methods

Subjects
One hundred seventy-three experimentally naïve adult male Sprague-Dawley rats weighing between 300 and 400 g (Harlan Laboratories, Madison, WI, USA) were pairhoused in clear polycarbonate cages in a temperature-and light-controlled vivarium with food and water available ad libitum. Lights were on from 0700 h until 1900 h, with experiments conducted between 0900 h and 1700 h. Rats were handled daily for 1 week after arrival before testing began. Facilities and procedures complied with animal use and care guidelines from the National Institutes of Health of the USA, and were approved by the Institutional Animal Care and Use Committee of the University of Wisconsin.
Startle and PPI testing
Startle chambers (San Diego Instruments, San Diego, CA, USA) consisted of Plexiglas cylinders, 8″ in length and 4″ in diameter, resting inside of a ventilated and illuminated chamber. A high frequency loudspeaker inside each chamber produced both a continuous background noise of 65 dB and various other acoustic stimuli. Whole-body startle responses of the rats caused vibrations in the cylinder, which were transduced into analogue signals by the platform's piezoelectric unit. These signals were then digitized and stored by a microcomputer. Monthly calibrations were performed to ensure accuracy (using the dB(A) scale). The PPI test session consisted of a background noise (65 dB) that was presented alone for 5 min and remained on for the length of the session, followed by presentation (in a pseudorandom order) of Pulse-Alone trials (40-ms, 120-dB broadband bursts), Prepulse + Pulse trials (20-ms noises that were 3, 9, or 15 dB above the background noise and were presented 100 ms before the onset of the 120-dB pulse), and No Stimulus trials (only the background noise). The session contained 80 trials (16 each of the 3-, 9-, and 15-dB Prepulse + Pulse trials, 16 PulseAlone trials and 16 No Stimulus trials). Four PulseAlone trials were presented at the beginning and the end of the session to ensure that startle magnitude was stable during the portion of the session when PPI was measured, as the most rapid habituation of the startle response occurs within the first several presentations ); these Pulse-Alone trials were excluded from the calculations of startle and %PPI. During the week before the drug testing began, all rats were exposed to the startle test session once per day on three separate days to familiarize rats with the testing procedures prior to the commencement of drug testing. The final baseline test occurred 5-7 days before the experiment, and PPI and startle magnitude values from this final baseline day were used to create equally matched treatment groups for subsequent drug testing.
Activity cages
Locomotor activity was measured using a Photobeam Activity System (San Diego Instruments, San Diego, CA, USA) consisting of wire floor clear plastic cages (8 × 8 × 18″) surrounded by a grid of photobeams. Interruptions in the horizontal beams provided a measure of cage crossings (locomotion), breaks in the vertical beams measured rearing, and repeated breaks of the same beam provided a measure of fine motor movements (an assay of stereotypy). No food or water was provided during locomotor activity testing. Rats for each locomotor activity experiment were habituated for 2 h to the photocell cages on two separate days, occurring several days before the drug test.
Drugs
Prazosin hydrochloride, timolol maleate, DOI (1-[2,5-dimethoxy-4-iodophenyl]-2-aminopropane), ritanserin, and cirazoline were obtained from Sigma (St Louis, MO, USA). DOI, timolol, and cirazoline were dissolved in sterile isotonic saline. Prazosin was dissolved with sonication in a vehicle solution containing 95% distilled water and 5% DMSO (Sigma). This solution was used as the vehicle injection for all prazosin experiments. Ritanserin was dissolved with sonication in a vehicle solution containing 95% isotonic saline, 2.5% pure ethanol, and 2.5% cremaphor (Fluka BioChemiKa, Buchs, Switzerland). The ritanserin suspension was injected at a volume of 2 mL/kg body weight. All other drugs were injected at 1 mL/kg body weight.
Experimental design
Each experiment tested startle/PPI and locomotor activity using separate sets of experimentally naïve rats. For experiments 1a-c and 2a-c, PPI was tested first, and then after a 10-day drug washout period, locomotor activity was measured in the same subjects. The drug treatments from PPI testing were equally represented in each new treatment group for locomotor testing (therefore, each treatment group in the locomotor test had an equal number of rats from the vehicle, low dose antagonist, or high dose antagonist groups of the PPI test). In addition, the total locomotion (cage crossings) recorded from the final photocell acclimation day was used to balance these groups for the subsequent drug test day so that the different groups had equivalent baseline activity levels prior to drug testing. For experiments 1d-h, experimentally naïve rats were used for PPI testing, according to the designs described in detail below. For all experiments, doses/injection parameters were based on studies in which these drugs were found to affect PPI or antagonize behavioral effects induced by agonists for their respective receptors (Alsene et al. 2006; Alsene et al. 2010; Carasso et al. 1998; Sipes and Geyer 1994; Sipes and Geyer 1997; Wing et al. 1990 ).
Experiment 1: PPI and startle
Experiment 1a: prazosin/DOI/PPI Rats received one dose of prazosin (N=8/dose; 0, 0.3, or 1 mg/kg, intraperitoneally (IP)) and 20 min later, half of the rats in each dose condition received DOI (0.3 mg/kg, subcutaneously (SC)); the remaining rats in each prazosin dose condition got vehicle injections. Ten minutes after the DOI/vehicle, all rats were tested in startle chambers. One week later, this protocol was repeated except that rats previously receiving DOI now got vehicle and vice versa. Thus, prazosin dose was a betweensubjects factor, and DOI treatment was within-subjects.
Experiment 1b: timolol/DOI/PPI Using the same design as above, experimentally naïve rats received timolol (0, 3, or 10 mg/kg, IP, 15 min before testing, N=8/dose) and DOI (0, 0.3 mg/kg, SC, 10 min before testing).
Experiment 1c: ritanserin/cirazoline/PPI Using the same design, new rats received ritanserin (0, 0.5, 2 mg/kg, SC, 30 min before PPI testing, N=8/dose) and cirazoline (0, 0.68 mg/kg, IP, 5 min before PPI testing).
Experiment 1d: prazosin+timolol/DOI/PPI Rats (N=12) received both prazosin (0.3 mg/kg, IP, 30 min before PPI testing) and 15 min later, timolol (3 mg/kg, IP); 12 other rats received vehicle injections at those same timepoints. Ten minutes before testing, half the rats in each group received DOI (0.5 mg/kg, SC), and the other half received SC vehicle.
Experiment 1e: prazosin+timolol/cirazoline/PPI Using the same doses and injection parameters as the previous experiment, rats received either vehicle or the prazosin/ timolol combination prior to cirazoline (0.68 mg/kg, IP, N=8) or vehicle (N=8) and were tested in startle chambers 5 min later. One week later, this protocol was repeated but rats that previously got prazosin+timolol now received vehicle injections and vice versa (cirazoline status remained the same as before).
Experiment 1f: ritanserin/DOI/PPI Rats received either vehicle (N=10) or DOI (0.5 mg/kg, SC, 10 min before testing, N=8) 20 min after half of the rats in each group had received vehicle and the other half had received ritanserin (2 mg/kg, SC); 1 week later, the protocol was repeated with previous ritanserin rats getting vehicle prior to their second injection, and vice versa.
Experiment 1g: cirazoline/DOI/PPI Rats received a dose of DOI (0, 0.01, 0.025 mg/kg, SC), and 5 min later received either IP vehicle (N=9), 0.1 mg/kg cirazoline (N=7), or 0.25 mg/kg cirazoline (N=7); testing took place 5 min after the second injection. This protocol was repeated twice more, with cirazoline condition staying constant (i.e., between-subjects factor) and DOI as a within-subjects factor so rats in each cirazoline condition received all three doses of DOI in a counterbalanced order over the three test days. Prior to this experiment, we first conducted extensive pilot dose-response studies to determine doses of cirazoline and DOI that were below the threshold for disrupting PPI using our test parameters.
Experiment 1h: ritanserin+prazosin+timolol/PPI Eight rats received injections of 2 mg/kg of ritanserin (SC) and 0.3 mg/kg prazosin (IP), and then after 15 min received timolol (3 mg/kg, IP). A separate group of eight rats received three vehicle injections according to the same routes and timeline. Fifteen minutes after the final injection, all rats were tested for PPI.
Experiment 2: locomotor activity Experiment 2a: prazosin/DOI/locomotor activity Rats (N=6/group, with pretreatment and treatment as betweensubjects factors) were placed in photocell cages for 30 min, then given prazosin (0 or 1 mg/kg, IP), placed back in the photocell cages, and given DOI (0 or 0.3 mg/kg, SC) 20 min later. Motor activity was measured for 60 min after this final injection.
Experiment 2b: timolol/DOI/locomotor activity Using the same design as above, rats (N=7/group) were treated with timolol (0 or 10 mg/kg, IP) and 5 min later given DOI (0 or 0.3 mg/kg, SC).
Experiment 2c: ritanserin/cirazoline/locomotor activity Using the same design, rats (N=6/group) received ritanserin (0 or 2 mg/kg, SC) followed 25 min later by cirazoline (0 or 0.68 mg/kg, IP).
Data analysis
The startle response to the onset of the 120-dB burst was recorded for 100 ms for each Pulse-Alone and Prepulse +Pulse trial. Two measurements were calculated for each rat: startle magnitude was the average of the startle responses to the Pulse-Alone trials, PPI was a percent score for each Prepulse + Pulse trial type: %PPI=100− {[(startle response for Prepulse+Pulse trial)/(startle response for Pulse-Alone trial)]×100}. For every experiment, a significant main effect of prepulse intensity was seen upon analyzing %PPI data; this is a standard parametric feature of PPI in which increasing prepulse intensities elicit higher levels of PPI . For brevity, this main effect is not repeated throughout the text. Because no significant interactions were seen with prepulse intensity and any other factor in these experiments, a single composite %PPI score (average PPI collapsed across all three prepulse intensities) was calculated for each subject, and this is what is shown in the figures. Startle and PPI data were analyzed with separate 2-way analyses of variance (ANOVA) using pretreatment as a between-subjects factor and treatment as a within-subjects factor.
The total frequency of locomotion (cage crossings), rears, and fine motor movements were calculated in 10-min intervals (see . The first 30 min were the 'habituation' phase prior to drug treatments and were followed by injections; the second injection (the treatment factor) was followed immediately by a 60-min 'testing' phase. Values from this 60-min period were used for separate 3-factor ANOVAs with time (10-min intervals) as the repeated measure and with pretreatment and treatment as between-subjects variables. Unpaired t-tests using Bonferroni-adjusted α values were used for post hoc analyses. Figure 1a shows the effects of prazosin and DOI on PPI. There was a main effect of DOI [F(1,18) 
Results
Prepulse inhibition
PPI values in all DOI groups were lower than those for vehicle treatment. Thus, DOI significantly decreased PPI. There was no main effect of prazosin [F(2,18)=2.2, not significant (NS)], nor was there a prazosin × DOI interaction [F(2,18)=0.2, NS], indicating that prazosin had no effect on its own or on DOI-induced PPI deficits. Thus, prazosin pretreatment did not reverse the DOI-induced disruption of PPI. Figure 1b , NS], indicating that timolol had no effect on its own or on DOI-induced PPI deficits. Thus, timolol, like prazosin, was unable to reverse DOI-induced PPI disruption. Similarly, even when both NE receptor antagonists were administered together, they did not affect DOI-induced PPI deficits (Fig. 1d) . In this experiment, there was a main effect of DOI treatment Figure 1c illustrates the effects of ritanserin and cirazoline on PPI. There was a main effect of cirazoline [F(1,19)=35.5, P<0.001], with cirazoline impairing PPI. Ritanserin, however, had no effect [F(2,19)= 0.9, NS], and the ritanserin × cirazoline interaction was not significant [F(2,19)=0.7, NS], demonstrating that ritanserin had no effect on its own or on cirazoline-induced PPI deficits. Thus, DOI and cirazoline disrupted PPI, but these effects were not reversed by antagonists of the other transmitter system.
Nevertheless, the present doses of prazosin, timolol, and ritanserin were sufficient to completely block PPI deficits that were elicited by agonists of the same neurotransmitter system, as depicted in Fig. 1e -f. There were significant main effects of the prazosin (0.3 mg/kg)+timolol (3 mg/kg) combination pretreatment [F(1,14)=5.9, P<0.03] and the cirazoline treatment [F(1,14) = 14.8, P < 0.002], and a significant interaction between the two [F(1,14) =8.9, P<0.01]. Post hoc analyses revealed that in vehiclepretreated rats, cirazoline profoundly reduced PPI compared to the vehicle-vehicle group (P<0.01), but that this cirazoline-induced PPI reduction was not seen in rats that were pretreated with prazosin+timolol; PPI values for this groups were significantly higher than those for the vehiclecirazoline group (P<0.05). In the ritanserin/DOI experiment, there was similarly a significant interaction between pretreatment and treatment [F(1,16)=5, P<0.04], which was due to a marked reduction in PPI in the vehicle/DOI condition compared to the vehicle-alone condition (P<0.05). The ritanserin/DOI condition was significantly higher than vehicle/DOI (P < 0.01), and was in fact indistinguishable from vehicle/vehicle. Therefore, the prasozin+timolol combination that failed to reverse DOI-induced PPI deficits did block cirazoline-induced effects, and the same dose of ritanserin that did not block cirazoline-induced deficits did reverse DOI-induced effects.
To test in other ways for possible interactions between these receptors in the regulation of PPI, the ability of subthreshold doses of cirazoline and DOI to synergistically disrupt PPI when given together was examined. (Fig. 3a) . Thus, this experiment also failed to reveal interactions between these receptor systems in PPI. Similarly, to determine if simultaneous antagonism of α1, β, and 5-HT 2 receptors would be synergistic and alter PPI (since the above studies showed that individual blockade of each receptor was insufficient to do so), rats treated with prazosin+timolol+ritanserin were compared to vehicle-treated animals. Again, as depicted in Fig. 3c , no effect on PPI was seen [F(1,14)=1.1, NS]. Thus, neither simultaneous stimulation nor simultaneous blockade of NE and 5-HT 2 receptors indicated interactions between these systems in the modulation of PPI.
Startle magnitude Figure 2a shows the effects of prazosin and DOI on baseline startle magnitude. DOI had a significant main effect [F(1,18)=9.8, P<0.006], with DOI treatment producing lower startle values than vehicle. On closer examination, this effect seemed mainly driven by rats receiving DOI in combination with prazosin, although prazosin had no main effect [F(2,18)=0.7, NS], and there was no prazosin×DOI interaction [F(2,18)= 1.5, NS]. Figure 2b illustrates the effects of timolol and DOI on startle magnitude. Again, there was a main effect of DOI treatment on startle magnitude [F(1,20)=5.9, P<0.025] that, as with the prazosin experiment, seemed to be due Fig. 1 Fig. 2d . Figure 2c shows the effects of ritanserin and cirazoline on startle magnitude. Ritanserin [F(2,19) Post hoc analyses revealed that all three drug conditions caused significantly lower baseline startle magnitude compared to the vehicle-alone condition (P<0.05). No statistically significant effects on startle magnitude were seen in the ritanserin/DOI experiment ANOVA (Fig. 2f) . Similarly, there were no significant effects on baseline startle with either factor nor an interaction between the two in the subthreshold cirazoline+DOI study (Fig. 3b) (Fig. 3d) (all F values≤1.1).
Locomotor activity
In every experiment, there was a significant main effect of time on each measure of locomotor activity (all F values were greater than or equal to 6.2, and all P values were less than 0.001). For brevity, the description of this main effect is not repeated throughout this section.
Locomotion (cage crossings)
The effects of prazosin and DOI on locomotion (cage crossings) are shown in Fig. 4a .001], no significant simple main effects of cirazoline were found at any time bin; this 2-way interaction in the omnibus ANOVA may have been driven primarily by a nonsignificant trend for a simple main effect of cirazoline in the first 10 min after injection.
Fine motor movements . Therefore, DOI increased fine motor movements and prazosin decreased fine motor movements, but these were separate independent effects, with no interaction between the drugs. Figure 6b The time × cirazoline treatment interaction was significant [F(5,100)= 11.7, P <0.001], and subsequent post hoc tests showed that cirazolinetreated rats had more fine motor movements 21-60 minutes after injection (P<0.05). In conclusion, cirazoline significantly increased the amount of fine motor movements, and ritanserin may have slightly reduced this effect; however, this interaction was not significant. Although it appeared that ritanserin/cirazoline rats may have had slightly lower values than vehicle/cirazoline rats, the ritanserin × cirazoline interaction did not reach statistical significance [F(1,20) =2.9, NS]. Effects on number of fine motor movements of a prazosin (PRAZ, 1 mg/kg) vs. DOI (0.3 mg/kg), b timolol (TIM, 10 mg/kg) vs. DOI (0.3 mg/kg), c ritanserin (RIT, 2 mg/kg) vs. cirazoline (0.68 mg/ kg). VEH = vehicle, x-axis is in minutes, and all values represent means ± SEM. 'Habituation' is the 30 min following entry of rats into photocell cages; injections (indicated by arrows) took place after this habituation; 'Testing' is the 60 min immediately after Injection 2. a Main effects of both pretreatment and treatment, but no interactions. c *P<0.05, relative to groups receiving vehicle (VEH)
Discussion
In this study, we tested the hypothesis that 5-HT 2 and α1/β NE receptors interact reciprocally to regulate PPI. Several important results were obtained. First, confirming multiple previous reports, both the 5-HT 2 receptor agonist DOI and the α1 NE receptor agonist cirazoline markedly reduced PPI after systemic injection (Alsene et al. 2006; Alsene et al. 2010; Brea et al. 2006; Briody et al. 2010; Carasso et al. 1998; Farid et al. 2000; Feifel et al. 2003; Kohnomi et al. 2008; Shilling and Feifel 2002; Shilling et al. 2004; Sipes and Geyer 1994; Sipes and Geyer 1995; Swerdlow et al. 2006b; Varty et al. 1999; Wadenberg et al. 2000) . Thus, individual direct stimulation of either 5-HT 2 or α1 NE disrupts PPI. Neither the α1 receptor antagonist prazosin nor the β receptor antagonist timolol reversed the DOI-induced PPI deficits (individually or when administered in combination), indicating that this effect was independent of NE transmission. Conversely, the 5-HT 2 receptor antagonist ritanserin did not reverse the PPI deficits caused by cirazoline, suggesting that likewise, α1 NE receptor-mediated PPI deficits are not dependent on 5-HT transmission at the 5-HT 2 receptor. Locomotor activity measures followed a similar profile, with either DOI-or cirazoline-induced effects not being reversed by prazosin/timolol or ritanserin, respectively. Thus, two of the cardinal effects of 5-HT 2 and α1 NE receptor stimulation (PPI deficits and increased stereotyped motor responses) seem to be mediated independently of the other transmitter system. As is true for any study in which one is demonstrating a negative result, it is possible that doses other than those used presently might indicate an interaction between the 5-HT 2 and α1/β NE systems in PPI. Nevertheless, the antagonist doses that were used completely reversed PPI deficits caused by agonism of the same receptor, indicating that they were sufficiently high to enact functional antagonism in this paradigm. Similarly, multiple combinations of subthreshold doses of NE α1 and 5-HT 2 agonists did not affect PPI, and conversely, concomitant administration of α1, β, and 5-HT 2 receptor antagonists together also failed to alter PPI. Therefore, to a reasonable extent, our studies provide evidence that PPI deficits induced by either agonist do not seem to require stimulation of the 'opposite' system and that these receptors may act independently of each other in the regulation of PPI.
To the best of our knowledge, this is the first study to systematically determine if α1, β, and 5-HT 2 receptors interact to modulate several behavioral processes; the finding that α1 NE receptor antagonism does not block DOI-induced effects has not been reported previously. Similarly, the β receptor antagonist timolol also failed to reverse DOI-induced effects, which is consistent with a previous study using the nonselective β receptor antagonist propranolol (Sipes and Geyer 1994) . The finding that ritanserin did not reverse cirazoline-induced PPI deficits further supports the notion that these NE and 5-HT systems may be mutually independent in the regulation of PPI, and agrees with the previous result that M100907, a 5-HT 2A subtype-selective receptor antagonist, also did not reverse the effects of cirazoline on PPI (Varty et al. 1999) . As shown in the present studies, these same doses of prazosin, timolol, and ritanserin do reverse behavioral effects induced by agonists of their respective systems, indicating that these doses were sufficiently high to reverse effects that were putatively caused by indirect increases in NE and 5-HT transmission (Alsene et al. 2006; Alsene et al. 2010; Carasso et al. 1998; Wing et al. 1990 ). The failure of the antagonists to reverse PPI deficits produced by the 'opposite' system in the present study indicates that DOI does not depend on α1/β NE receptors and that cirazoline does not depend on 5-HT 2 receptors to disrupt PPI. Therefore, 5-HT 2 receptors as well as α1 and β NE receptors regulate PPI, but these systems may act in parallel instead of through mutual interactions with each other for these effects.
Although a significant main effect of DOI treatment on startle was seen in some experiments, we do not believe that the DOI-induced deficits are simply due to changes in baseline startle. If one closely examines Fig. 2a-b , startle values for the vehicle-vehicle condition are nearly identical to those of the vehicle-DOI condition, suggesting that this main effect was due mostly to the DOI and antagonist combinations. Furthermore, there was no statistically significant reduction in startle by DOI in the DOI/ritanserin experiment, even though there was a robust DOI-induced PPI deficit. There is ample evidence that the present dose range of DOI disrupts PPI without affecting startle (Briody et al. 2010; Farid et al. 2000; Feifel et al. 2003; Shilling et al. 2004; Sipes and Geyer 1994; Sipes and Geyer 1995; Swerdlow et al. 2006b; Wadenberg et al. 2000) . Similarly, cirazoline effects on PPI and startle were also dissociable in the present studies, which corroborates many previous reports (Alsene et al. 2006; Carasso et al. 1998; Gresack and Risbrough 2010; Shilling et al. 2004 ), although in one study a higher dose did increase baseline startle (Varty et al. 1999) . It is also noteworthy that α1/β and 5-HT 2 antagonists reversed PPI deficits induced by the agonist for the same receptor without altering agonist-induced effects on baseline startle. These findings suggest that the PPI deficits seen presently were not simply artifacts of altered baseline startle reactivity, and that on the independent measure of startle reactivity, the NE and 5-HT receptor antagonists did not alter the profile of DOI or cirazoline, again indicating a lack of interaction between these systems for these behaviors.
The results of the locomotor activity experiments also support the conclusion that to produce their behavioral effects, DOI does not require NE release, and cirazoline does not require 5-HT release. DOI on its own increased fine motor movements (repeated consecutive breaks of the same photobeam in a localized area of the cage that provides a rough measure of motor stereotypies) but had little to no effect on cage crossings or rearing. Although traditionally 5-HT was thought to reduce locomotor activity, the present profile is consistent with more refined characterizations of motor movement patterns that indicate that DOI increases the tendency for predictable and stereotyped responses (Geyer 1996; Hillegaart et al. 1996; Krebs-Thomson et al. 1998; Wing et al. 1990) , and with previous reports that stimulation of 5-HT 2 receptors promotes head shakes and wet dog shakes (Berendsen et al. 1996; Chaouloff et al. 1994; Kohnomi et al. 2008; Kouhata et al. 2001; Kugaya et al. 1996; Marek 2009; Millan et al. 1998; Pranzatelli 1990; Schreiber et al. 1995) . Similarly, with cirazoline, little to no effect was seen on locomotion and rearing, but a large and prolonged increase in fine motor movements occurred, consistent with previous reports that α1 NE receptors contribute to motor activity induced by a variety of drugs (Fone et al. 1987; Fowler et al. 2007; Harkin et al. 2001; Stone et al. 2004) . As reviewed by Stone et al. (2011) , α1 receptors in the locus coeruleus are thought to play a critical role in behavioral activation; indeed, infusion of the nonselective α receptor agonist 6FNE in the vicinity of the locus coeruleus produces extreme hyperactivity that is likely mediated by α1 receptors (Stone et al. 2009 ). This could provide a potential mechanism through which cirazoline stimulates fine motor activity. Again, despite the fact that these doses of prazosin and timolol do reverse NE-mediated PPI deficits and hyperactivity (Alsene et al. 2006; Alsene et al. 2010; Vanderschuren et al. 2003) , and the present dose range of ritanserin does reverse the locomotor effects of DOI and other 5-HT 2 agonists (Hillegaart et al. 1996; Mittman and Geyer 1991; Wing et al. 1990 ), the increase in fine motor movements induced by DOI was not reversed by prazosin or timolol, and the cirazoline-induced elevation of fine motor movements was not antagonized by ritanserin. Thus, it appears that the locomotor activity effects of DOI and cirazoline are also independent of the other transmitter system. Higher doses of prazosin have been suggested to reverse 5-HT 2 receptor-mediated head shakes in mice, although given the significant reduction of movements with the prazosin alone even at the lower doses of our present study, one wonders if these were independent opposing actions rather than a true interaction-based reversal (Dursun and Handley 1996; Heal et al. 1986 ). Consistent with the present results, β receptor antagonists do not reverse head twitches induced by 5-HT 2 receptor agonists (Darmani et al. 1991) . Propranolol has been shown previously to partially reverse the locomotor effects of d-lysergic acid diethylamide, a nonspecific 5-HT agonist, but this effect was likely due to the well-known 5-HT 1A receptor-blocking actions of propranolol (Mittman and Geyer 1991) . To the best of our knowledge, this is the first study to investigate the effects of 5-HT 2 receptor blockade on α1-mediated locomotor changes.
Our data demonstrated that within the dose ranges we tested, the α1 and β NE receptor antagonists prazosin and timolol did not reverse the PPI deficits or the increase in fine motor movements (stereotypies) induced by the 5-HT 2 receptor agonist DOI, and that the 5-HT 2 receptor antagonist ritanserin did not block effects induced by cirazoline, an α1 receptor agonist. Thus, stimulation of postsynaptic NE receptors is not necessary for 5-HT 2 receptor-mediated effects, and conversely, 5-HT 2 receptor stimulation is not required for α1-mediated effects. The neural substrates of these potentially independent effects on PPI are not clear right now. Forebrain regions including the prefrontal cortex, ventral striatum, amygdala, and hippocampus ultimately regulate PPI via descending projections to the pedunculopontine tegmentum, which converges directly onto the primary acoustic startle circuit (Davis et al. 1982; Fendt et al. 2001; Swerdlow et al. 2001) . Thus, there are multiple sites within which NE and 5-HT receptors could influence PPI, and it may be that the mutual independence of DOIand cirazoline-mediated effects seen presently could reflect differential distributions of α1, β, and 5-HT 2 receptors across these PPI modulatory regions such that certain sites may subserve primarily NE-based PPI effects, and others 5-HT-based effects. Alternatively, separate PPI systems could exist despite the coexistence of 5-HT 2 receptors and α1/β receptors in brain regions important for PPI. For example, within the nucleus accumbens, which contains both NE receptors and 5-HT 2 receptors, stimulation of α1 plus β NE receptors disrupts PPI, but a 5-HT 2 agonist does not (Alsene et al. 2011; Ma et al. 2006; Sipes and Geyer 1997) . Therefore, despite the presence of both 5-HT 2 receptors and α1/β receptors, there may be regions critical for PPI that are sensitive to manipulations of only one of these systems.
Taken together, these studies suggest that 5-HT 2 receptors and α1 and β NE receptors may act independently of each other in the regulation of PPI. One might speculate that it is evolutionarily advantageous to have separate and perhaps redundant systems for PPI, since such redundancy would confer 'protection' from a loss of this crucial information processing mechanism if a problem occurred in one PPI regulatory system (other intact PPI systems might compensate and salvage PPI). Such a compensatory change has been reported for locomotor activity, with α1 NE receptor mediated effects 'shifting' to being transduced through 5-HT 2 receptors when the α1 receptor gene is deleted (Auclair et al. 2004 ). In disorders with severe PPI disruptions, perhaps there is an abnormal function in multiple PPI-regulating systems. Indeed, second generation antipsychotics used to treat schizophrenia act as antagonists of multiple systems including dopamine, 5-HT, and NE, and they have superior efficacy in improving deficient PPI than the single target first generation antipsychotics like haloperidol (Kumari et al. 2007; Kumari et al. 1999; Leumann et al. 2002) . Conversely, given the heterogeneity in the number and types of disorders with manifested PPI deficits Geyer et al. 2001; Swerdlow et al. 2001) , it may be that 5-HT 2 receptor dysfunction contributes to some subset of these whereas NE receptor dysfunction contributes more to others. Regardless, the present findings could provide important insights into the etiology of information processing deficits in multiple disorders.
